One contribution of 15 to a discussion meeting issue 'The paradigm shift for UK forensic science'. The author's thoughts and opinions on where the field of forensic DNA testing is headed for the next decade are provided in the context of where the field has come over the past 30 years. Similar to the Olympic motto of 'faster, higher, stronger', forensic DNA protocols can be expected to become more rapid and sensitive and provide stronger investigative potential. New short tandem repeat (STR) loci have expanded the core set of genetic markers used for human identification in Europe and the USA. Rapid DNA testing is on the verge of enabling new applications. Next-generation sequencing has the potential to provide greater depth of coverage for information on STR alleles. Familial DNA searching has expanded capabilities of DNA databases in parts of the world where it is allowed. Challenges and opportunities that will impact the future of forensic DNA are explored including the need for education and training to improve interpretation of complex DNA profiles.
Introduction
Since its introduction in the mid-1980s [1] , forensic DNA testing has played an important role in the criminal justice community through aiding conviction of the guilty and exoneration of the innocent. Remains from missing persons and victims of mass disasters have been re-associated and identified through linking reference samples to recovered remains [2] . New technologies are regularly introduced and validated to expand the capabilities of laboratories working to recover DNA results with improved sensitivity and informativeness. Forensic laboratories have embraced automation for sample preparation and data interpretation in order to meet increasing throughput demands. Short tandem repeat (STR) typing continues to be the primary workhorse in forensic DNA analysis although other genetic markers are used for specific applications [3, 4] .
(a) DNA capabilities DNA analysis provides capabilities not found in most of the other forensic disciplines. When biological material is transferred between perpetrator and victim in violent crimes such as murder and rape, DNA recovered from the crime scene has power to potentially identify the perpetrator. Theoretically when testing sufficient genetic markers, probabilistic 'individualization' of a DNA profile is statistically achievable except with identical twins-and even twins can sometimes be separated with additional genetic information [5] . Use of genetic markers that are inherited independent of one another enables application of the product rule (and subpopulation adjustments [6] ), where statistical rarity of results at each marker can be combined across multiple genetic markers. Hence the weight of evidence can be expressed in quantitative terms that can be quite rare (1 in trillions or rarer) thanks to the multiplicative nature of independent multi-locus results. These calculations involve a genetic principle known as Hardy-Weinberg equilibrium [7] . DNA statistical interpretation rests on a solid scientific foundation, much of which originally came from academic efforts outside of the forensics arena. However, as will be discussed later, interpretations of complex DNA mixture profiles can be subjective and inconsistent between analysts and across laboratory protocols.
Interpretation of all forensic evidence involves comparing question (Q) results with known (K) references. This Q-to-K comparison depends on the quality of results obtained from crime scene evidence (Q) and the availability of suitable reference samples (K). When samples from a suspect or multiple suspects are available during forensic DNA analysis, the Q-to-K comparison is fairly straightforward through examining the Q and K samples at the same genetic markers. When no suspects are available, DNA databases, which have been developed over the past 20 years to provide potential reference profiles from known previous offenders, can be searched to try to find a match to the unknown Q profile. DNA database profiles essentially enable throwing a wide net at an unknown Q profile to try to identify the perpetrator.
Another important capability of DNA is that by the nature of its inheritance pattern, where half of an individual's genetic code comes from his or her mother and half comes from his or her father, close biological relatives can be used for reference points. In other words, the possibility exists to reach beyond information available in a sample itself due to the capabilities of established genetic trait transmission principles. Missing persons and disaster victims can be identified from kinship associations if no direct reference sample is available for comparison purposes [8] . For example, if a child is missing, then the child's mother and father can supply DNA for comparison purposes that may be used to link their DNA profiles to putative sample(s) from their child.
Superb sensitivity is available with forensic DNA testing due to amplification of target regions with the polymerase chain reaction (PCR). DNA results can be obtained from as little as a single cell depending on methods used [9] . However, this exquisite sensitivity is both a blessing and a curse. When high-sensitivity techniques are used, a very real possibility exists for contamination from DNA coming from someone not associated with the crime sample under investigation. If consumables such as swabs or tubes are not DNA-free, then the manufacturer's DNA may be detected and even lead investigators down the wrong path [10] . A number of measures, such as examining negative controls, are typically used to prevent drawing incorrect conclusions if DNA contamination occurs.
Quality assurance measures have been developed over the years for DNA testing to promote confidence in results obtained. The DNA testing quality infrastructure is probably more advanced than that of many other forensic disciplines, because of experience from organizations like the European DNA Profiling Group (EDNAP) and the European Network of Forensic Science Institutes (ENFSI) in Europe and the Federal Bureau of Investigation's DNA Advisory Board (DAB) and Scientific Working Group on DNA Analysis Methods (SWGDAM) in the USA.
Forensic DNA technology development has directly benefitted from the Human Genome Project (HGP) and subsequent scientific efforts and discoveries in genetics and genomics. Genomic information from HGP provided the STR genetic markers for testing and more recent studies have supplied population data for assessing genetic variation. Tools, talent and technology have spilled over into the forensic DNA field from the much larger DNA sequencing market. Current DNA typing with STR markers involves use of fluorescent dyes to label PCR products and capillary electrophoresis (CE) to rapidly separate and detect these dye-labelled PCR products. The dyes and the CE methods used in forensic DNA testing were initially developed for DNA sequencing purposes. Future advances in forensic DNA analysis will probably mirror genomic technology development.
(b) Author's experience I have sought throughout my career to understand past and present activities in the field through writing textbooks and providing training materials to practitioners. I have also tried to help shape the future of forensic DNA analysis through performing relevant research. My first contributions to forensic DNA analysis involved pioneering quantitation methods for mitochondrial DNA [11] and CE separation methods for genotyping STR markers [12] . Twenty years of research, 150 publications, more than 300 presentations and workshops, and five textbooks have contributed to an informed perspective on forensic DNA analysis. Over the past decade, I have given more than a dozen presentations on my thoughts regarding the future of forensic DNA (http://www.cstl.nist.gov/ strbase/NISTpub.htm). The Applied Genetics Group in the US National Institute of Standards and Technology, which I had the privilege of leading from 2000 to 2013, has actively worked to improve the future of forensic DNA.
In 2007, two colleagues and I shared our thoughts on the types of genetic markers that would play a role in the future and why [13] . Those thoughts regarding continued use of STR markers with single nucleotide polymorphism (SNP) markers remaining supplemental solely for ancestry and phenotype application have proved prophetic in many ways. In my Fundamentals textbook, I included an entire chapter on 'Future Trends' [14] . I hope that the thoughts presented in this article can provide some useful input into where we are as a field and where we need to go in the foreseeable future.
The past reviewed
Accurately predicting the future is always challenging due to unforeseen innovation. However, by examining the past and understanding present challenges, it is often possible to extrapolate to reasonable predictions for the future. Appreciating the trajectory of activities in any field of endeavour enables those acting in it to know where they are going and to work to improve the future. The Research and Development Working Group of the National Commission on the Future of DNA Evidence in 2000 [15] , Peter Gill in 2002 [16] and Lutz Roewer in 2013 [17] provided their perspectives at the time on the past, present and future of forensic DNA.
(a) Major themes and time periods for forensic DNA analysis [19] . Collaborative studies conducted by EDNAP helped to ensure consistency of early methods between laboratories [20] . A second-generation multiplex (SGM) followed a few years later and examined six STR loci (TH01, vWA, FGA, D8S1179, D18S51 and D21S11) and the sex-typing marker amelogenin [21] . National DNA databases began to be developed, with the first one being the UK National DNA Database in April 1995 that involved the SGM loci [22] . The USA launched its National DNA Index System (NDIS) in October 1998 with 13 core STR loci (TH01, vWA, FGA, D8S1179, D18S51, D21S11, CSF1PO, TPOX, D3S1358, D5S818, D7S820, D13S317 and D16S539) [23] . Once core loci were decided upon, commercial kits began to be used for autosomal STR and Y-chromosome STR markers. Analysis platforms, which originally involved slab gel electrophoresis with silver-stain or fluorescence detection, eventually stabilized on CE with laserinduced fluorescence detection that permitted sensitive, automated and high-throughput analysis. Quality assurance measures were put into place during this decade by the FBI's DNA Advisory Board in the USA and ENFSI in Europe [24] .
The third decade of DNA analysis involved a 'growth' phase. The US NDIS began this decade with around two million DNA profiles at the end of 2004. Ten years later, NDIS is 12 million profiles larger (14 million total profiles) due to expansion of DNA database collection state laws and laboratory capacity thanks to significant federal government funding. Similar growth patterns have occurred in other national DNA databases around the world. With larger DNA database sizes, an expanded set of core loci have been proposed and adopted by the European Union [25] and the USA [26] .
The next decade and the future beyond it can be labelled as a 'sophistication' phase, where expanding tool sets provide new capabilities for DNA analysis and use. Laboratories must navigate the flood of sample submissions that often come due to the success of DNA to solve crimes and the ability to conduct more tests from a single item than previously feasible. DNA testing will become more rapid, more informative and more sensitive. Probabilistic methods of expressing complex results will require software and deeper thinking about the meaning of data obtained. An ever-increasing understanding of human genomic information will require confronting genetic privacy concerns now and in the future.
(b) Research leadership
Research and development is crucial to the future of any field. During its existence, the UK Forensic Science Service played an important role in the development and application of forensic DNA techniques [27] . The pioneering research efforts of Peter Gill, Ian Evett, Gillian Tully and others led the way for development of new DNA markers, methodologies and interpretation frameworks. 
The present considered
Understanding the present situation and challenges can aid looking to the future of forensic DNA analysis.
(a) Genetic marker systems
The primary genetic tests in use today involve autosomal STR markers-especially those core STRs that are used in national Table 1 . Forensic DNA analysis phases and activities by decade. RFLP, restriction fragment length polymorphism; VNTR, variable number of tandem repeats; PCR, polymerase chain reaction; STR, short tandem repeat; EDNAP, European DNA Profiling Group (a working group of the International Society for Forensic Genetics); ENFSI, European Network of Forensic Science Institutes; SWGDAM, Scientific Working Group on DNA Analysis Methods. Table 2 shows the current practice and future potential for various genetic marker systems used in forensic DNA (see [3] for more information on these markers). A primary benefit for STRs is that their multiple alleles enable detection and interpretation of evidentiary DNA mixtures more effectively than bi-allelic markers.
(b) DNA database growth and use in the USA
The number of samples (both known references and crime scene specimens) involved in DNA databases means that genetic markers used to generate the DNA profiles in those databases will drive the future of DNA testing. Over the past 15 years, DNA collection laws have expanded to provide a greater number of samples for testing purposes. Table 3 reviews the growth in the number of states over the years that have required DNA collection for specific categories of offences. Note that while only sex crimes were required by all 50 states back in 1999, the range of crimes requiring mandatory DNA collection has steadily increased. In 1999, only five states required that everyone convicted of a felony offence would need to provide a DNA sample. All 50 states now collect DNA from all convicted felons. Likewise, the number of states permitting collection of DNA from 
(c) Critical challenges faced today
The success of DNA testing has brought significant growth, which in turn has brought new challenges particularly in the areas of sample backlogs and data interpretation. Laboratory automation and expert system data review can ease sample backlogs as can restrictive case acceptance policies. In some cases, law enforcement investigators may conduct 'swab-athons' at crime scenes and submit numerous items to try to solve a case through a DNA database hit rather than thinking carefully about which items may be most probative.
Data interpretation uncertainties are highest and errors are most likely to be made in situations with DNA mixtures from three or more individuals, especially with low-template DNA 'touch' samples. Work with these types of samples has been enabled in recent years with an increase in DNA detection sensitivity. With greater sensitivity comes the need for greater responsibility in data interpretation. Unfortunately, inconsistencies with handling DNA interpretation of complex mixtures adds to the challenge of obtaining reproducible results from multiple analysts and/or forensic laboratories.
The future predicted
The Olympic motto of Citius, Altius, Fortius-which is Latin for faster, higher, stronger (http://www.olympic.org/)-provides a framework for our discussion of where I believe the future of forensic DNA is headed. DNA testing protocols can be expected to get faster with rapid DNA instrumentation. Improved sensitivity and technology in recent years has enabled higher amounts of data to be recovered from biological evidence. Conclusions that are stronger can be drawn in many cases with probabilistic approaches under development. Each of these areas is discussed in greater detail later.
(a) Faster results
In the past few years, instrumentation providing a fully automated DNA profiling system has been introduced [28] [29] [30] [31] . These rapid DNA instruments integrate the steps of DNA extraction, rapid PCR amplification of 15 or more STR loci, DNA separation, detection, sizing and genotyping. The initial versions of these rapid DNA systems can provide swab-in to profile-out results in less than 90 min for five buccal swab reference samples, but at a reagent expense that is currently about 10 times that of conventional laboratory testing. These systems are being marketed for generating DNA data in police booking station environments where a suspect may be held in custody for about 4 h while mug shots and fingerprints are taken. In order for these rapid DNA devices to reach their full potential in deployed environments outside of forensic laboratories, real-time DNA database searches will be needed and communication improved across the various elements of the criminal justice system. The legal framework to permit arrestee testing must also be maintained in order to collect DNA profiles in a police booking station environment. As these rapid methods are implemented in situations outside of a typical laboratory environment, it is important to not sacrifice quality for speed.
How fast will DNA profiles be able to be generated in the future? There are technological limits with any technique, which in the case of PCR amplification is a combination of the polymerase biochemistry, primer binding kinetics and the thermal cycling device. The fastest full 15-locus STR profiles generated to-date require 14 min of multiplex PCR amplification with 28 cycles of heating and cooling, which can lead to DNA profiles being produced in a laboratory setting in less than an hour [32] . While instruments may exist to heat and cool small volumes of liquid more quickly, sufficient time for polymerase extension of multiple DNA templates is required to obtain useful DNA profiles. As PCR amplification becomes faster, DNA separation and detection may become the rate-limiting step.
(b) Higher sensitivity and information content
The future of higher amounts of information in forensic DNA involves improved detection sensitivity, higher information content from expanded sets of core STR loci and possibly supplemental genetic markers, and deeper information from sequence analysis of alleles.
More data are available from biological samples due to improved sensitivity in PCR assays and information content of profiles generated. A consequence of improving DNA test sensitivity in recent years is the generation of more complicated DNA profiles for interpretation. It is important to keep in mind that just because a DNA profile can be obtained from as little as a single cell does not mean that the source of the profile is relevant to the crime event being investigated [10] .
In terms of sensitivity, fundamental limits exist with PCR amplification due to stochastic (random) variation in sampling each allele at a locus [33] . These stochastic effects lead to variation in peak heights and peak height ratios for heterozygous samples during replicate PCR amplification. Even though two alleles are present at an STR locus in equal amounts in the DNA template, stochastic variation in the early rounds of PCR can lead to selective amplification of one allele over the other, which in extreme situations leads to allele drop-out (i.e. failure to detect the allele). Studies with single-source samples have shown that stochastic effects such as elevated stutter and allele drop-out occur at around 15 -20 cells or 100-125 pg [33, 34] . Allele drop-in may also occur when the number of PCR amplification cycles is increased to improve sensitivity [16, 35] . When stochastic variation occurs, it becomes increasingly difficult to confidently pair alleles into genotypes and to correctly separate individual contributors in DNA mixtures. Thus, with stochastic rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140252 effects ever-present in low-level DNA PCR amplifications, allele drop-out and potential allele sharing from multiple contributors lead to greater uncertainty in the specific genotype combinations that can be reliably assumed. Combining results from replicate amplifications can help identify the true alleles in a profile [36, 37] .
Uncertainty in an evidentiary Q profile due to potential allele or locus drop-out can make it difficult to confidently exclude a specific suspect when a Q-to-K comparison is conducted. Probabilistic genotyping approaches (see next section) are being developed to try to explain observed data in some cases using computer simulations that estimate relative contributions of potential contributors. Some laboratories in the future may decide to establish a complexity threshold in order to halt efforts on poor-quality data (see ch. 7 in [4] ). Because sensitive DNA detection technology has the potential to outpace reliable interpretation, the forensic DNA community needs to be vigilant in efforts to appropriately interpret challenging evidence without pushing too far. Clearly communicating the limitations of interpretation approaches used by investigators and officers of the court is crucial to avoid improper use of DNA.
Higher information content will be present in future DNA profiles that incorporate an expanded number of required core loci for inclusion in national DNA databases [25, 26] . International data exchange will benefit from having more STR loci in common across various databases [26, 38] . However, more information collected means more analysis and interpretation time and effort. While mixture detectability will improve with use of more STR loci, mixture interpretation will take longer with the larger PCR multiplexes since there will be more data to review. Although the capability may exist in future assays to simultaneously collect information from autosomal STRs, Y-STRs, X-STRs and numerous SNPs as has been proposed [39] , it is unclear what the benefits would be of routinely attempting to collect far more information from evidentiary samples than would be available to compare to with typical reference profiles that only contain core STR loci. Routinely adding extensive information to reference samples in the hopes that this information may be of benefit in the future also means investments in interpretation time and effort-and may not yield a return on this investment unless evidence samples are examined at all or a substantial number of the tested STR and SNP loci. Because forensic DNA analysis involves a Q-to-K comparison, an optimal investment of effort is achievable when the same loci are examined in the Q and the K profiles to provide as many points of comparison as possible.
Next-generation sequencing (NGS), also known as massively parallel sequencing, provides the opportunity to collect information from numerous STRs and SNPs simultaneously [40] . In addition, sequence analysis of STR alleles provides a deeper depth of information by characterizing internal sequence variation for same size alleles that cannot be distinguished with CE analysis. For example, eight different sequence versions of allele 21 were identified in D12S391 among 197 samples examined [41] . The single detected peak in apparent homozygotes using CE may be resolvable into heterozygous alleles with NGS at some hypervariable STR loci [41, 42] . In addition, mtDNA genome sequences can be generated with NGS [43] . However, the orders-ofmagnitude difference between mtDNA, which may contain thousands of copies per cell, and nuclear DNA, with its two copies of each allele per cell, will probably preclude the routine combination of autosomal STRs and mtDNA into a single, robust NGS assay.
Only time will tell whether future routine DNA testing proceeds down the path of collecting and analysing a deeper depth of allele information available from NGS methods. The additional collected information with NGS requires specialized bioinformatics tools to process the data and a more complicated allele nomenclature scheme, and comes at a cost of more analysis time and more data storage space. What is interesting for research studies may not always be practical or necessary for routine application to forensic cases.
(c) Stronger conclusions with challenging samples
Improving the ability to decipher and interpret DNA results from challenging samples provides probably the largest opportunity for future advances in forensic DNA analysis. Challenges can come through poor-quality samples containing degraded DNA or PCR inhibitors that fail to produce an informative Q profile. Smaller PCR amplicons in the form of miniSTRs [44, 45] or SNPs [46] have been shown to help recover information from damaged DNA templates. The DNA target size can be reduced with some STR markers in NGS assays versus what can be done when CE is the detection platform where limitations exist in terms of dye colour space.
DNA database searches that fail to produce a matching K reference profile can be essentially expanded through loosening the stringency of the search and using genetic inheritance principles to produce a 'familial' search in an attempt to identify close biological relatives of the source of the unknown Q profile [47] . Familial searching typically experiences low success rates due to a lack of close relatives of the true perpetrator in the database. In addition, true relatives in the database may be missed due to the search strategy used or specific inheritance patterns that leave a true sibling (in the database) with different alleles compared with the Q search profile (see appendix 2 in [3] ). False positives when the Q profile has common alleles that are shared by unrelated people can result in long candidate lists. Y-STR testing on male samples from a ranked candidate list can help filter false positives [48] . While familial searching is unlikely to be conducted on a national level in the USA [49] , it has produced some successes in the UK through aiding identification of 41 perpetrators in 188 police investigations [50] . Genetic privacy concerns are often raised in opposition to familial searching [51] , and so the future of this technique is probably limited due to practical and privacy issues.
When no K reference sample is available for comparison following a database search, it may be possible that future DNA capabilities will include prediction of external visible characteristics [52] , such as eye colour or hair colour [53] . Biogeographic ancestry estimation may be helpful in some case scenarios [54] . Microbial DNA may also play a role in future investigations to lend support to circumstances involving microbial transfer when touching a computer keyboard [55] or having sexual intercourse [56] . This analysis will likely be performed with NGS or other high-throughput methods in the future.
Complex DNA mixtures, containing genetic data from more than two individuals, especially if any of the individuals are related, offer one of the largest challenges for the future of forensic DNA analysis. Probabilistic genotyping offers a way to strengthen conclusions with challenging DNA mixture results
genotyping using what has been termed 'semicontinuous' (where only allele information is used) or 'fully continuous' (where alleles and peak height information are used) [57] [58] [59] [60] [61] [62] [63] .
Supporting stronger conclusions with probabilistic approaches on complex evidence will require validation of software used to understand its limitations [64] . Scientists using these software tools must not treat them as 'black boxes' generating reports that they themselves do not understand. Equally important will be the need for effective communication of the meaning of results obtained to those who will receive and use the laboratory reports to make decisions. These reports must appropriately communicate limitations of methods, models, assumptions made and interpretation applied with the case results.
(d) Other factors
I believe in many ways we are at an interesting juncture in forensic DNA. We have over the past few years developed great technological capabilities that in some ways have outpaced our ability to appropriately interpret evidence results obtained. We have emphasized methods for enhanced sensitivity while not working equally hard to improve our understanding of possible genotypes that may compose the evidence results (i.e. the specificity of results). Thus, for forensic DNA typing to move forward responsibly we must improve the framework and consistency of DNA evidence interpretation [4] . To aid efforts in moving forward in DNA interpretation, I support the 13 recommendations that Peter Gill makes in his recent book 'Misleading DNA evidence: reasons for miscarriages of justice' [10] .
Cost will play a role in the future use of DNA in forensic science. Important factors influencing cost include competition, centralization and communication. More competition is needed in many areas of the forensic DNA supply chain in order to drive prices down. Likewise, automation within laboratories and supply manufacturing lines is crucial to reduce potential quality challenges either from potential sample swaps or consumable contamination. To accomplish this type of automation cost-effectively, economies of scale are needed. The future will probably be better served by central, focused laboratories than by many small operations with redundant capabilities. While these thoughts would seem to suggest that rapid DNA testing at police stations will be unsuccessful, it is important to realize that the current political climate supports local funding over sending money to maintain central services, which will not necessarily have the local needs as a specific priority.
Technological innovation of the future is unlikely to be fully exploited by the forensic science community for several reasons. First, public laboratories are dependent on tax-payer support, and politicians will fight to keep these funds in local coffers rather than sending them to central, specialized facilities. Crime is largely committed by local perpetrators [65] . In a large country like the USA, we have many local laboratories with efforts that may be uncoordinated and in some cases redundant to neighbouring areas. Smaller countries, such as the UK, may be able to support more centralized laboratory systems. Thus, there is not a one-size-fits-all solution for the future of forensic DNA.
A second reason that technological innovation may be slow or non-existent relates to validation requirements for methods used in forensic applications. Slow technology adoption by the forensic community can result in few companies wanting to invest in long-term efforts to bring new products to market where a return-on-investment may be slower than it is in other fields. The scrutiny that products and manufacturing processes can undergo during adversarial legal battles may also keep potential companies out of the forensic DNA marketplace.
Another important reason that forensic DNA may not involve cutting-edge technology is the need to maintain connection to legacy information from results already collected. The fact that the USA has 14 million STR profiles (most with the 13 core STR loci selected in 1997) in its national DNA database means that switching to completely different genetic markers, such as SNPs or InDels, is not feasible (see also [15, 66] ). Switching to another set of genetic markers for established DNA databases does not make sense when doing so would, in the case of the USA, render obsolete a billion dollar investment. Thus, genetic markers used in future DNA databases will most probably include current core STR loci plus additional ones to avoid adventitious matches [25, 26] .
Knowledge and understanding of our DNA sequence information are constantly evolving. Human genomes are more complex than originally imagined and research studies are continuing to uncover additional information (e.g. [67] ). While currently used STR markers show no significant value for predicting genetic diseases [68] , the information landscape is continually changing with additional data being gathered.
Early uses of DNA databases involved using a large net to gather as many reference profiles as possible from previous offenders and more recently from those arrested for specific crimes. In the USA, laws have steadily increased the number of offences requiring DNA collection for testing purposes (table 3) . However, I would predict that technology advances will not be the rate-limiting step in the future of DNA database growth. Rather the appetite of the general population to accept DNA use and continue to make significant resource investments in this effort will be. Public forensic laboratories will probably need to market the value of their work more in a fiscally challenging future. UK database growth has slowed in recent years due to privacy concerns raised. Other national DNA databases are likely to face similar challenges. I would not be surprised to find continued support for the position argued by Robert Gaensslen on this topic in a 2006 article that 'absent specific legislative guidance, . . . the 'default' position [should] be more protective of individual privacy rights' [69, p. 375].
Concluding thoughts
Successful research is an important key to the future in any scientific endeavour and is dependent on sufficient, sustainable funding. Beyond just publishing scientific articles and presenting work to colleagues at conferences, training of practitioners and stakeholders is essential for effective implementation of new techniques and ideas. Keys to success include resources and recognition of the value of training support in terms of funding for the presenters and setting aside time for the participants. Continuing education needs to mean more to participants than just checking a box that helps a laboratory rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140252 pass an audit. Quality work results when scientists have a desire to learn and try to think critically about casework results rather than mindlessly following a protocol.
The future of forensic DNA will have an impact on other areas of forensic science. As DNA has become successfully used in the past few decades to solve crimes, funding and personnel resources have been reduced in other areas such as trace evidence-and sometimes completely eliminated from a forensic laboratory's capabilities, which may bring long-term consequences. In my new role at NIST as Special Assistant to the Director for Forensic Science (which I have had since April 2013), I have an opportunity to look beyond DNA. Many challenges exist as we seek to improve forensic science efforts across various disciplines. I am involved in setting up and running the US National Commission on Forensic Science and the Organization of Scientific Area Committees [70] . There are many lessons from DNA that can be applied to other areas in forensic science. We should seek to understand issues, challenges and potential solutions outside of our focused, discipline-specific view and bring potential solutions back to our own areas of expertise. Improving communication across various forensic disciplines is just as important as improving communication between laboratories, law enforcement and the legal community. International cooperation and standards setting will enable forensic DNA testing of the future to become even more robust than it currently is.
Better communication across stakeholders in the criminal justice system is a primary need in order to maximize the value of DNA testing efforts. More than a billion dollars has been invested over the past decade to grow the USA national DNA database to its current state of almost 14 million profiles. While many crimes are solved with DNA database matches, I think it is safe to say that many more probably could be solved if the communication between investigators and forensic DNA scientists were improved. With fiscal restrictions for the foreseeable future, significant investments in DNA databases may be a thing of the past. Forensic scientists will have to work smarter with the resources available to them. I believe it is also important to appreciate that a DNA test, even with the best technology available, is only as good as the sample collected. Thus, working closely with crime scene investigators is essential in gathering quality evidence. As we learn from the past and perform well in the present, we will create a future where forensic DNA analysis can play an important role in criminal justice systems around the world. 
